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Use of a single template-grown carbon nanotube as a separation column to separate attoliter volumes of 
binary mixtures of fluorescent dyes has been demonstrated. The cylindrical nanotube walls are used as 
stationary phase and the surface area is increased by growing smaller multi-walled carbon nanotubes within 
the larger nanotube column. Liquid-liquid extraction is performed to separate selectively soluble solutes in a 
solvent, and chromatographic separation is demonstrated using thin, long nanotubes coated inside with 
iron oxide nanoparticles. The setup is also used to determine the diffusion coefficient of a solute at the 
sub-micrometer scale. This study opens avenues for analytical chemistry in attoliter volumes of fluids for 
various applications and cellular analysis at the single cell level. 

Separation of minute quantities of liquid mixtures has attracted much attention due to its applications in 
analysis of hazardous, rare, and bio chemicals. The scientific community has long realized the importance of 
sub- cellular and single cell analysis of DNA, RNA, proteins, amino acids, and other biomolecules to better 
understand cell biochemistry and functioning^"^. Moreover a cell population of the same type exhibits heterogen- 
eity^, due to which any study of cell colony provides only averaged data. Although some novel research tools were 
developed that had sufficient mechanical strength to overcome cellular resistance to penetration, and their applica- 
tions to intra- cellular experiments were recently demonstrated^"^", methods to selectively detect and quantify 
analytes in individual living cells have been lacking. This need has led to efforts in miniaturizing instrumentation 
for existing analytical techniques like gas, liquid, electro-chromatography, etc^\ Much smaller columns and finer 
packing particles (stationary phase) have been employed in the recent past^^"^^. However these have either been 
fabricated by etching channels on microchips or are too large in overall diameter to be usefiil for cell piercing. 
Analyte separation in nanochannels by electrophoresis has also been pursued^^'^^'^^, however those devices and 
techniques are either incompatible with, or lack the mechanical strength and fiexibility to probe a single living cell. 

Various carbon allotropes which exhibit a large surface area available for adsorption and can be chemically and 
physically functionalized are widely used in micro -separation techniques^^"^l Herein, we demonstrate feasibility 
of using single carbon nanotubes (CNT) with the length of about 40 jim, 70 to 200 nm in outer diameter (O.D.) 
and 60 to 190 nm in inner diameter (I.D.) (Fig. SI) for separation of distinct chemical species. As an example, we 
present a setup for separation of fluorescent dyes, employing fluorescence confocal microscopy as the detection 
tool. Previously, the filling of similar CNTs (also called nanopipes) with various particulates and liquids, and their 
use as conduits for fluid flow generated by Laplace pressure was demonstrated^^'^^. Consequently, cellular endo- 
scopes were developed that utilized the exceptional physical properties of 50-200 nm diameter single CNT tips 
(Fig. S2), enabling them to easily and non-invasively pierce cell membranes and perform attoliter fluid injection 
and extraction from individual mammalian cells^°. The ability to transport aqueous liquids and a strong inter- 
action between the fluid and carbon tube walls have been previously shown^^. However no separation or selective 
extraction of liquids using single CNTs has ever been reported. This work provides a conceptual basis for 
development of chromatographic columns based on single nanotubes and capable of extracting and analyzing 
attoliter volumes of liquids. 

Results 

Diffusion rate based separation. A CNT was prefilled with pure diphenyl ether (DPE) by contacting one end of it 
with a small drop of DPE. A mixture of fiuorescent green (BODIPY® 493/503, 0.69 mM) and fiuorescent red 
(BODIPY® 650/665, 0.95 mM) dyes was prepared in DPE, a small drop of which was contacted with the other 
end of the CNT. This caused the two dyes to diffuse into the pure DPE drop through the CNT. After transporting 



SCIENTIFIC report; j 2 : 5 1 0 | DOI: 1 0. 1 038/srep005 1 0 



1 



(a) BODIPY® 493/503 — , 





CNT filled with DPE 
Direction of Diffusion 
Dye mixture in DPE 

0 

0 „^ 

'11 




Predominant diffusion 
of BODIPY® 493/503 in 
DPE 



CNT filled with 
fluorescent liquid 



o 



■o 

l'c'10 



\ DPE drop 
containing dye mix , 



Plain CNTs 
MWCNTs within CNTs 



Time(s) 



200 



Figure 1 | Diffusion based separation of a mixture of BODIPY® 493/503 and BODIPY® 650/665 in DPE through a 200 nm (O.D.), 190 nm (I.D.) 
CNT. (a) Schematic showing molecular structures of the dyes, and experimental layout, (b) Spectrally filtered fluorescence micrographs of (i) green, (ii) 
red dyes showing diffusion from solution to pure solvent (DPE), and regions of interest (ROIs) from which the average fluorescence intensity was 
recorded. Scale bar =15 |am. (c) Ratio of green to red fluorescence intensities vstime for filled and plain CNTs shown in Fig. Sl(a-b). Error bars represent 
standard deviation from average values (symbols). 



through the CNT, we initially obtained a higher concentration of 
green dye in the pure DPE droplet as indicated schematically in 
Fig. 1(a). The ratio of the concentrations of the two dyes was 
calculated from the experimentally recorded fluorescence in- 
tensities (Fig. 1(b), and Methods Section) and plotted against time 
(Fig. 1(c)). We observed that the [green] /[red] dye concentration 
ratio starts at a very high value and drops to 1.6±0.9 (close to the 
calculated value of 1.31, Supplementary Information 1.4). 

To increase the CNT -dye interactions and enhance the separation, 
we employed CNTs with smaller multiwalled CNTs grown inside, an 
analog of column packing in traditional chromatography (Fig. Sl(b), 
and Methods section) When a composite CNT (containing 
MWCNTs) was used, the intensity ratio increased from a very low 
initial value (close to zero) converging finally to an almost constant 
value (6±3), near that observed for the plain CNTs (Fig. 1(c)). This 
indicates a reversal of selectivity of the CNT column to the two dyes 
and is therefore, potentially a method to tune material transport 
through the tube and the composition of the extracted liquid by 
controlling the density of grown MWCNTs. 

Liquid-liquid extraction. A solution of BODIPY® 493/503 (0.69 mM) 
and Nile Red (1.1 mM) was prepared in DPE in which both dyes are 
soluble. 1-octadecene (1-OD) was used to prefill the CNT and this caused 
only the green dye to diffuse into the 1-OD phase due to a low solubility 
of Nile Red in 1-OD (Fig. 2(a-b)). As can be seen from Fig. 2(b) (ii), and 
2(c) (ii), negligible fluorescence intensity was recorded from the 1-OD 
phase in the yellow-orange (Nile Red) wavelength region compared to 
that recorded when DPE was used. Meanwhile, the intensity of green 
(BODIPY® 493/503) fluorescence recorded was similar no matter DPE 
or 1-OD was used (Fig. 2(b)(i) and 2(c)(i)). 

Estimation of diffusion coefficients. Since diffusion plays a major 
role in nano-separation processes analyzed in this study, we 
performed 3D finite element analysis of the problem using the 
Comsol Multiphysics (Comsol Inc.) software. The slope of the 
linear regions (initial 8-30 s) of the concentration-time curve 
calculated from the solvent droplet was computed for a range of 



diffusion coefficients (D = 0.3-1 XIO"^ cmVs) and lengths (20- 
60 jam) of CNTs and is plotted in Fig. 3. For the slope of 
concentration-time curve in our experimental data (Fig. 2(c)(i)), 
the diffusion coefficient of BODIPY® 493/503 from Fig. 3 can be 
estimated to be approximately 0.88 X 10~^ cm^/s (Fig. S9 and Table 
S2 for diffusion data for other dyes). Alternatively, the diffusion 
coefficient can be estimated using the equation written for a 
diaphragm-celP^: 

Pt C1-C2 Pt\cJ 

2A 

where P = — assuming same volume (V) for the two hemispherical 

drops (diameter = 35 |im), A and L being the average values of cross 
sectional area (I.D. = 190 nm) and length (40 jim) of a nanotube, Ci 
and C2 are solute concentrations in the solution drop (0.69 mM) and 
in pure solvent drop (at time t), respectively. Using this equation, we 
obtain a value —0.9 XIO"^ cmVs for the diffusion coefficient of 
BODIPY® 493/503 in DPE. A small difference in the values of dif- 
fusion coefficients obtained using these two methods arises from 
variable CNT length, slight difference in cross -sectional area, drop 
sizes, and the inability of either method to take into account the effect 
of the carbon walls on separation. However, the values produced by 
both methods agree closely with each other. 

Frontal Chromatography. To demonstrate frontal chromatogra- 
phy, a mixture of BODIPY® 493/503 (green) and BODIPY® 650/ 
665 (red) (0.5 mM each) was prepared in mineral oil. A drop of this 
mixture was drawn and contacted with one end of a —70 nm O.D. 
and —60 nm I.D. CNT (as depicted in Fig. 4(a)) placed on a silanized 
glass coverslip. The CNT was filled by capillary action within 5 
seconds and it was observed that only the green front progressed 
to fill the entire CNT length (Fig. 4(b)(i)). A small red front starts 
to proceed but halts when the CNT gets fully filled and capillary flow 
ceases (Fig. 4(b) (ii)). The red front is then seen to propagate slowly 
(Fig. S6(a-b)) due to diffusion as shown in the plot in Fig. 4(c). When 
DPE was used instead of oil (Fig. S7(a-b)), distinct green and red 
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Figure 2 | Demonstration of liquid-liquid extraction, (a) Schematic showing BODIPY® 493/503 being extracted from DPE, into 1-OD through a 
190 nm (I.D.) and 200 nm (O.D.) nanotube. (b) (i) green and (ii) orange fluorescence micrographs, showing dye diffusion from solution (in DPE) to 
pure solvent (1-OD). Scale bar = 15 |am. (c) Comparison of concentrations vstime of (i) green and (ii) orange dye in the pure solvent droplet when the 
solvent is DPE or 1-OD. 



fronts still appeared, but the higher diffusion rate of red dye caused 
the red front to catch up with the green front at the CNT end in about 
a minute. We also attempted separation of BODIPY® 493/503 and 
Nile Red using this technique but were unable to capture visual 
evidence of separation as both green and red fronts seemed to 
nearly coincide, probably owing to lesser difference in molecular 
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Figure 3 | Calculated diffusion coefficient of a solute diffusing into a drop 
of pure DPE ys rate of change of concentration, where diffusion occurs 
through a 190 nm (I.D.) CNT of different lengths attainable using AAO 
template technology. The diffusion coefficient of BODIPY® 493/503 was 
estimated for the experimentally obtained slope of concentration-time 
curve as shown in the plot by the dotted lines for 40 |am long CNTs. 



structures and interactions of the two dyes with the CNT walls 
(Fig. S7(c-d)). When the inner surface of CNTs was coated with 
iron oxide nanoparticles^° (Fig. SI (d)) thereby closely resembling 
conventional packed chromatography columns, and were used 
to separate the dye mixture flowing by capillary action (as 
aforementioned), we observed slower movement of the red front 
compared to that observed using plain CNTs (Fig. 4(c)). Fig. 4(d) 
shows a setup for collecting one pure component from the leading 
front in a CNT column, with high resolution. In this case, a —70 nm 
O.D. and —60 nm I.D. CNT is used as the separation column and a 
larger drop of pure solvent is contacted with the other end of 
the CNT, once it has entirely been filled by capillary flow from the 
smaller solution drop. That will ensure continuity of flow due to 
Laplace pressure difference even after capillary flow ceases^^. The 
inset in Fig. 4(d) shows an enhanced (using ImageJ software) 
image of BODIPY® 493/503 transferred into a drop of mineral 
oil placed on silanized glass after 10 minutes of commencement of 
flow. 

Discussion 

In this study, we demonstrate separation of analytes in attoliter 
volumes using a single CNT. We utilized fluorescent dyes as analytes 
and fluorescence microscopy for detection owing to high sensitivity of 
the technique and small volumes, transport rates and length scales 
involved in the experiments. We employed DPE, which is a non-polar 
solvent that has a high solubility for the dyes and easily wets the CNTs. 
We covered the drops of non-polar solvents and the nanotube 
between them with a larger water drop to suppress heat induced 
evaporation. High polarity of water prevents wetting of the outer 
nanotube surface by DPE and causes the DPE drop to assume a 
non-wetting (contact angle >90°) shape minimizing energetically 
unfavorable surface interactions. Thus, when two drops are connected 
to two ends of a CNT, fluid transport from one drop to the other 
occurs exclusively through the CNT channel. However, using this set 
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Figure 4 | Separation driven by capillary flow in a ^ 70 nm O.D. and ~60 nm I.D. CNT. (a) Schematic representing formation of green and red fronts 
on capillary filling, (b) Spectrally resolved micrographs of (i) green and (ii) red fluorescent dyes providing an experimental evidence of separation of green 
dye from red dye in the leading front (frontal chromatography). Scale bar = 20 |am. (c) Plot of subsequent propagation of red front due to diffusion, vs 
time. Propagation rates for plain (empty) CNTs compared with those for CNTs coated with iron oxide nanoparticles (Fig. Sl(d)). Smooth quadratic 
curves were fitted to depict diffusive movement of the red dye for plain CNTs (dashed curve) and for CNTs coated with iron oxide nanoparticles (solid 
curve), (d) Setup for collecting pure component from the leading front in a pure solvent drop, while using 70 nm O.D. and 60 nm I.D. CNTs. Scale bar = 
40 |am. Inset shows fluorescent image of transported green dye. 



of liquids does not prevent outer surface wetting when graphitic CNTs 
are used (Fig. 84), probably because of enhanced favorable interactions 
between graphitic walls of CNTs and non-polar organic solvents. 
Meanwhfle polar and hydrophilic solvents can also be used for sepa- 
ration by modifying the setup as explained in Supplementary 
Information section 1.6, however we persisted with non-polar solvents 
in this study as they provide a convenient means for demonstrating 
the concept. Our setup (explained in the methods section) overcomes 
two key issues critical for success of experiments involving femto -liter 
(or smaller) samples: rapid evaporation of liquids with moderate to 
high vapor pressures at ambient conditions, and the outer surface 
wetting of the CNT. When two drops (that of pure DPE and dye 
mixture) are contacted with the two ends of a CNT, a Laplace pressure 
difference may generate fluid flow^^ between the drops owing to small 
uncontrollable variations in the sizes and shapes of the drops. 
However this pressure gradient is insignificant in our experiments 
and its direction varies in individual trials, dampening out the variance 
with an increased number of experiments. Furthermore, we did not 
observe any change in the droplet size over the course of any experi- 
ment, suggesting that fluid flow was negligible. 

Both fluorescent dyes (green and red) are soluble in DPE but are 
transported through the CNT channel at different rates correspond- 
ing to their diffusion coefficients and interactions with CNT wafls. 
This initially results in a high ([green] /[red]) concentration ratio 
(Fig. 1 (c)) recorded from the pure DPE drop owing to the high 
diffusion coefficient (as shown later) and lower retention of the green 
dye by the CNT walls. The concentration ratio then decays to the 
eqmlibrium value of 1.6 ±0.9 and the relative transport is solely 
determined by relative diffusion rates due to the occupation of afl 
active sites on the inner CNT surface by dye molecules. 

To increase the CNT-dye interactions and enhance the separation, 
the CNT's internal surface area should be increased, which can be 



achieved by packing the tube with nanoparticles. However we have 
not yet been able to achieve a liquid fiow rate desirable for fiuor- 
escence detection through a tube packed with iron oxide or diamond 
nanoparticles^^. Therefore we used CNTs with smafler multiwafled 
CNTs grown inside (Fig. Sl(b) and Supplementary Information 
l.iy^'^^. The altered initial part of the [green] /[red] vs time curve 
observed in Fig. 1(c) can be attributed to the interaction of the inner 
MWCNTs with the dye molecules. In this case, as suggested by our 
experimental data, the interaction with the green dye molecules is 
stronger than with the red dye molecules, resulting in an initial 
retention of the green dye. In afl cases, we expect the eventual 
[Green] /[Red] value in the pure solvent drop to converge to —0.7, 
equaling that in the original solution if the experiment is aflowed to 
run for sufficiently long times. 

Liquid-liquid extraction was demonstrated by employing a pure 
solvent that selectively dissolves one solute as schematically repre- 
sented in Fig. 2 (a). Thus when pure 1-OD is used as a solvent to 
prefifl the CNT, and a mixture of the green dye and Nfle Red in DPE 
is contacted at the other end, the green dye (which is soluble in both 
solvents) can be selectively extracted into 1-OD phase, leaving 
behind Nfle Red (which is weakly soluble in 1-OD) in the DPE phase 
(Fig. 2(b)). Indeed, simflar transfer rates of the green dye were 
recorded from both pure DPE or 1-OD droplet (Fig. 2 (c)(i)) whfle 
negligible Nfle Red transport was detected in 1-OD compared to that 
in DPE (Fig. 2(c)(ii)). 

Owing to uncertainty in the operating temperature and viscosity 
due to intermittent laser exposure, we modeled the diffusion process 
using a finite element method software. The initial slope of the con- 
centration-time curves has been calculated as a function of diffusion 
coefficient of the solute and CNT length using finite element analysis, 
and plotted in Fig. 3 using which diffusion coefficients of solutes in 
solvents can be determined under experimental conditions used in 
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our study. Further, Fig. 3 can assist in selecting the CNT length for 
separation of molecules with different diffusion coefficients. De- 
pending on the minimal detectable concentration change of the ana- 
lyzed compound, different tube lengths may be needed. A longer and 
thinner nanotube is favorable for better separation due to higher 
aspect ratio^^'^^, however it will also reduce the flow rate due to a 
higher viscous force making it hard to detect at low concentrations. 
CNTs used in this study so far were 190 nm in I.D. to enable easier 
and more accurate detection. However, tubes with diameters down to 

10 nm can be produced by the template-assisted growth in anodized 
aluminum oxide (AAO) membranes. 

The diaphragm-cell model, which was developed for diffusive 
transport across a uniformly thick diaphragm, is also useful in deter- 
mining diffusion coefficients of solutes used in our setup. While the 
model ignores tortuosity of the diaphragm pores and convective 
transport due to buoyancy, the CNTs in our studies are synthesized 
as straight and uniform channels, and tortuosity is no longer an issue. 
Further, buoyancy effects are negligible at the length scale of our 
experimental setup. Moreover, as shown in FEA simulations in 
Fig. S5, the concentration profile across the length of a nanotube 
becomes linear in less than 10 seconds even for a low diffusion 
coefficient solute. Therefore the diaphragm- cell model (which also 
assumes a linear concentration profile) is expected to provide results 
with high accuracy for our experiments. As can be seen in Table S2, 
the results obtained from both FEA simulations and the diaphragm- 
cell model closely match each other. 

The observation of clearly separated green and red fronts inside 
the CNT (Fig. 4 (b)) during capillary filling further establishes the 
important point that the CNT walls interact differently with distinct 
chemical species, indicating that CNTs can be used as a chromato- 
graphic column. In these experiments we used mineral oil as the 
mobile phase since the diffusion of the red dye in the oil is slow 
(taking more than 90 minutes) and easier to record due to a higher 

011 viscosity. Further, it is not required to submerge the system in 
water owing to negligible evaporative loss of mineral oil (low vapor 
pressure as shown in Table SI). Several methods to functionalize 
CNTs have been developed in the past, which makes individual 
CNTs highly versatile for performing chromatographic separation. 
In the present work, we coated the CNTs with paramagnetic iron 
oxide nanoparticles^" and examined capillary filling of the dye mix- 
ture. Herein we observed the propagation speed of the red front to be 
much slower than through empty CNTs (Fig. 4c). This reduced 
propagation speed must be due to interactions between the diffusing 
red dye molecules and the iron oxide nano-particles, since the CNT 
column gets filled by capillary action within seconds, leaving dif- 
fusion to be the only mechanism for further movement of red dye 
through the CNT column. Therefore we fitted the two sets of data 
points (plain CNTs, and Iron Oxide coated CNTs) with quadratic 
curves which are typical of diffusive transport, and a close fit was 
observed. 

In the separation techniques presented, the ability to detect a small 
number of transported molecules will be the limiting factor rather 
than CNT diameter, while attempting to push the limits of the tech- 
niques to smaller length scales or in employing more dilute solutions. 
Surface enhanced Raman spectroscopy (SERS) or electrochemical 
detection may prove beneficial in these applications as SERS allows 
single molecule sensitivity^^ and electrochemical detection is routi- 
nely used to study transport of single protein molecules through 
nanoholes^^. We used individual CNTs on a substrate for demon- 
stration purposes. For developing functional CNT-based chromato- 
graphic columns, these tubes can be assembled into nanofluidic 
devices^^ or used as nanopipette tips^° allowing separation and ana- 
lysis of attoliters of fluids in forensics, nanoanalytical chemistry and 
single-cell analysis. 

Overall, miniaturization of separation processes is highly desir- 
able, but comes with many challenges. In this study we developed a 



method to overcome sample evaporation and eliminate wetting 
issues to perform attoliter volume separation in liquid phase. We 
showed that the experimental setup utilizing single (190 nm I.D., 
200 nm O.D.) nanotube (nanopipe) could be used to measure dif- 
fusion coefficients of solutes on small length scales. The walls of an 
individual carbon nanotube could be chemically functionalized and 
used as stationary phase in Uquid phase separation. Separation of two 
fluorescent dyes with non- overlapping excitation and emission 
wavelengths was demonstrated. The selectivity of separation could 
be controlled by packing the nanotubes with nanopartcles, and we 
demonstrated this by growing multi-walled CNTs inside a larger 
CNT, and by coating CNTs with iron oxide nanoparticles. CNTs 
can also be packed with nanoparticles to create nanoscale packed 
chromatographic columns^^'^°. Further, by using a solvent that selec- 
tively dissolves one dye, we demonstrated the process of liquid-liquid 
extraction. Thus we were successful in demonstrating various sepa- 
ration techniques with the smallest individual separation column 
ever reported, which holds great promise for minimally-invasive 
single cell analysis. 

Methods 

CNT column fabrication. Carbon was deposited by chemical vapor deposition 
(CVD) from an ethylene-argon mixture at 670°C inside channels of anodic alumina 
membranes (60-150 |im thick, 70-200 nm I.D.) as described elsewhere^*^. In a 
modified fabrication method^^'^*^, the alumina membranes were impregnated with a 
0.5 M solution of Ni(N03)2 '61120 for a day, followed by calcination for an hour at 
300°C and reduction in hydrogen at 400°C. This results in formation of metallic 
nickel nano-particles on pore walls of the membrane. When CVD was performed on 
these membranes, it resulted in amorphous 200 nm outer diameter CNTs having 
smaller —20 nm multi-walled CNTs within them. To coat the CNTs with iron oxide 
nano-particles (—10 nm in diameter), the carbon coated alumina membranes were 
impregnated with oil based ferro fluid (EMG 911, Ferro Tec Corp.) and dried in an 
oven at 80°C for 24 hours^°. The alumina matrix was subsequently dissolved in 
aqueous IM NaOH solution for 5 hours at 90°C to release the CNTs. The suspension 
was neutralized by rinsing with deionized water, and then filtered. Finally a 
suspension in ethanol was prepared for further use (Fig. SI). 

Experimental procedure. The setup for performing separation consists of a cleaned 
glass micro coverslip on which a drop of the aforementioned CNT suspension was 
released. The ethanol from the suspension was allowed to evaporate in an oven at 
50°C leaving the CNTs adhered to the glass surface due to van der Waals forces. The 
coverslip was positioned above the confocal microscope objective. A large drop of 
deionized water was then placed on the coverslip to immerse all CNTs, which helped 
dissipate the heat generated by exposure to laser. Borosilicate glass capillary was 
pulled into a micropipette using a commercial glass pipette puller (PI 000, Sutter 
Instruments) and filled with the dye solution. It was connected to a pressure injection 
device (Femtojet®, Eppendorf) and held by a nanomanipulator (Eppendorf) bound 
to a fluorescence confocal microscope (Olympus FluoViewTM FVIOOO). Drops of 
DPE (pure and containing dye mixture) were extracted at the site of the CNT ends by 
applying a suitable pressure with Femtojet® (Fig. S3). 

Fluorescence detection. The red and green fluorescent dyes used in our experiments 
have non-overlapping excitation/emission frequency bands. This enables us to filter 
the green fluorescent signal from red using suitable wavelength filter cubes and detect 
the dyes "individually". The confocal microscope was operated in sequential frame 
mode, which allows the column to be exposed to the laser (488 nm for BODIPY® 
493/503, 543 nm for Nile Red and, 635 nm for BODIPY® 650/665) of one 
wavelength at a time. Suitable filter cubes (505-525 nm for green, 560-620 nm for 
yellow- orange, and 655-755 nm for red) for resolving the fluorescence signal into 
green, yellow-orange and red components were employed and the output intensities 
were recorded with time. To minimize photobleaching effects, the shutter of the 
confocal microscope was opened for laser exposure only for short time intervals (20 
seconds in the beginning, followed by periodic 30 second closure and 15 second 
opening). 

A droplet of pure solvent was placed next to the CNT as a reference for recording 
the background fluorescence intensity (Fig. S3). This was subtracted from the 
intensity recorded from the pure solvent drop placed at one CNT end to negate the 
effect of auto fluorescence of solvents used. Meanwhile we always tried to draw 
droplets of same size to minimize the Laplace pressure drop along the length of the 
CNT. Therefore we assumed any dye transfer between the drops to be entirely due to 
diffusion. 

Concentration calibration. A known amount of each dye was dissolved in a known 
amount of DPE. A drop of this solution was placed under the confocal microscope 
and the fluorescence intensity was recorded. This procedure was repeated while 
successively diluting the dye solution two folds. The data obtained was used to find the 
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intensity- concentration correlation for each dye and the best fit linear function was 
determined. All confocal microscope parameters (such as detector voltage, laser 
power etc.) were fixed in these and all other experiments in this study. The calibration 
curves for each dye were obtained by this method and have been used throughout the 
manuscript for calculating concentrations from fluorescence intensities: 

[BODIPY® 493/503] = (88.38 X Intensity - 100) nM 

[BODIPY® 650/665] = (250 X Intensity - 75) nM 

[Nile Red] = (42 X Intensity + 200) nM 
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